Objectives: Physiological and behavioral circadian rhythmicities are exhibited by all mammals and are generated by intracellular levels of circadian oscillators, which are composed of transcriptional/translational feedback loops involving a set of circadianclock genes, such as Clock, Per1-3, Cry1-2, Bmal1, Dbp, E4BP4 and CK1e. These circadian-clock genes play important roles in regulating circadian rhythms and also energy homeostasis and metabolism. Determining whether obesity induced by high-fat diet affected the expressions of circadian-clock genes and their related genes in peripheral tissues, was the main focus of this study. To address this issue, we fed male C57BL/6 mice a high-fat diet for 11 months to induce obesity, hyperglycemic, hypercholesterolemic and hyperinsulinemic symptoms, and used quantitative real-time reverse transcription-PCR to measure gene expression levels. Results: We found that the expressions of circadian-clock genes and circadian clock-controlled genes, including Per1-3, Cry1-2, Bmal1, Dbp, E4BP4, CK1e, PEPCK, PDK4 and NHE3, were altered in the livers and/or kidneys. Conclusions: These results indicate that obesity induced by high-fat diet alters the circadian-clock system, and obesity and metabolic syndrome are highly correlated with the expressions of circadian-clock genes and their downstream, circadian clockcontrolled genes.
Introduction
Obesity and being overweight pose major risks for chronic diseases, including type-2 diabetes, cardiovascular disease, hypertension, stroke and certain forms of cancer. 1 Recently, the pre-disease condition, which is named metabolic syndrome, has become the center of attention; it is provoked by high-nutrient diets in both developed and developing countries. 2 Metabolic syndrome, first described by Kylin in the 1920s as a clustering of hypertension, hyperglycemia and gout, is associated with insulin resistance and is known to precede the onset of type-2 diabetes. 3 Four criteria for metabolic syndrome include central obesity, dyslipoproteinemia (high triglycerides and low high-density lipoprotein cholesterol), hypertension and glucose intolerance. 4 Although metabolic syndrome is easy to identify, its pathophysiological mechanism is complex, and insulin resistance seems to play a significant role in its pathogenesis. 5 As diet plays a pivotal role in producing metabolic syndrome in humans, using a high-fat diet to precipitate metabolic syndrome in animals is a proper way to study this syndrome. 6 In mammals, the main molecular circadian-clock systems were originally found to play important roles in regulating circadian rhythms. The circadian-clock genes in this molecular system include Clock (circadian locomotor output cycles kaput), Bmal1 (brain and muscle Arnt like protein-1), Per1 (period-1), Per2, Per3, Cry1 (cryptochrome-1) and Cry2. 7 Proteins made from Bmal1 and Clock form a dimer and a transcriptionally active complex to bind to cis-acting elements (E-boxes) within the promoter of various target genes, including Per1-3 and Cry1-2. Then the proteins made from Per1-3 and Cry1-2 function as negative regulators to suppress Clock and Bmal1 expressions. Furthermore, casein kinase-1e (CK1e) protein is thought to phosphorylate the PER proteins, thereby enhancing their instability and degradation. [8] [9] [10] [11] The CK1e protein also phosphorylates and partially activates the transcription factor, Bmal1. 9 Bmal1's expression is negatively regulated by the transcription factor reverse erythroblastosis virus-a (Rev-erb-a) 12 and positively regulated by retinoic acid-receptor-related orphan receptor-a (RORa) 13 via its response element. 14 Additionally, the albumin-D-site-binding protein (Dbp) and the basic leucinezipper transcription factor, E4BP4, are also circadian clockcontrolled genes. Dbp is involved in the circadian transcriptional regulation of several metabolic enzymes and members of the PAR family of transcription factors, [15] [16] [17] while E4BP4
inhibits the transcriptional activity of PAR transcription factors by competing for the same promoter-binding sites in target genes. The levels of protein and gene expressions of E4BP4 and Dbp also fluctuate in almost an opposite phase. Thus, these circadian-clock genes, Bmal1, Clock, Per1-3, Cry1-2 and CK1e, control the circadian rhythms of physiological output by regulating the expressions of multiple circadian clock-controlled genes, including Dbp and E4BP4. 7 Interestingly, the hypothalamic suprachiasmatic nucleus is not the sole rhythmic tissue, which expresses these molecular circadian-clock systems. 18, 19 Lots of peripheral organs also express these circadian-clock and circadian clock-controlled genes, but the physiological roles of these genes in peripheral organs are unclear. Recently, two studies demonstrated relationships between circadian mechanism dysfunction and metabolic abnormalities. Rudic et al. 20 found that Bmal1-or Clock-mutant mice exhibited impaired glucose metabolism, and Turek et al.
21
found that Clock-mutant mice increased their caloric intake and total body weight relative to wild-type controls and exhibited obesity and metabolic syndrome. Zvonic et al.
22
showed the circadian profiles of circadian-clock and circadian clock-controlled genes in the liver and adipose tissues, and implied that characterizations of these genes have potential therapeutic relevance with respect to the pathogenesis and treatments of obesity-related diseases, such as type-2 diabetes and metabolic syndrome. In contrast, the effects of a high-fat diet on the expressions of circadian-clock and circadian clock-controlled genes in the liver are still controversial. Yanagihara et al. 23 reported that 8 weeks of high-fat-diet feeding in female C57BL/6 mice had minor effects on the expressions of circadian-clock and circadian clock-controlled genes, such as Clock, Bmal1, Per1, Per2, Cry1, Here, we focused on whether the expression levels of circadian-clock and circadian clock-controlled genes in the liver and kidney were affected by long-term, high-fat-diet feeding treatments. In the current study, we demonstrated that long-term high-fat-diet feeding induced metabolic syndrome-like changes and produced abnormal expression levels of circadian-clock and circadian clock-controlled genes in the liver and kidney.
Materials and methods

Animals
Weaning male C57BL/6 mice were obtained from the National Laboratory Animal Center (Taipei, Taiwan) and housed under specific, pathogen-free conditions in a temperature-(21 ± 1 1C) and 12-h light/12-h dark cyclecontrolled room. According to the experimental designs, some intact male mice (n ¼ 24) were fed a regular chow (Purina 5001; Purina Mills, St Louis, MO, USA) for 10 weeks and killed every 6 h from zeitgeber time 3 (ZT3), ZT9 and ZT15, to ZT21, for which ZT0 was defined as the lights-on period. The other animals were randomly divided into two groups. The control group (n ¼ 12) was fed a regular chow (Purina 5001) and the experimental group (n ¼ 12) was fed a high-fat diet (D12451; 4.73 kcal g À1 , with 45% of the kilocalories from fats, 20% from proteins and 35% from carbohydrates; Research Diet, New Brunswick, NJ, USA). After 11 months, the animals were killed to obtain trunk blood, liver and kidneys at ZT3 or ZT9. There are two reasons for selecting only ZT3 and ZT9 as the time points for killing the animal for data collection. First, the costs for chronic (11-month) high-fat diet treatment and maintenance were quite high and reached US$3000 per mouse, and the other reason was that we previously obtained detailed circadian profiles of circadian-clock genes in different brain regions 18, 19 and peripheral organs. We found that the Blood chemistry and hormone measurements Fasting blood was sampled from the orbital sinus of a (12-month-old) mouse into heparinized capillary tubes at ZT3 and then centrifuged (at 6000 g for 10 min) at room temperature to obtain the plasma sample. The plasma levels of glucose, triglycerides and total cholesterol were measured by spectrophotometry (Photometer LP420; Dr Bruno Lange, Berlin, Germany) using the respective colored reagents for glucose (LCN 400), triglycerides (LCN351) and cholesterol (LCN 350). After 1 week of recovery, the serum levels of insulin were measured from trunk blood prepared by centrifugation (at 1200 g for 10 min at 4 1C) with an ultrasensitive mouse insulin ELISA kit (Mercodia, Uppsala, Sweden).
RNA isolation and reverse transcription
Total RNA was purified from tissues using Trizol reagent (Gibco-BRL, Grand Island, NY, USA) according to the manufacturer's instructions. In brief, after homogenization, chloroform was added to the samples, which were centrifuged at 12 000 g for 15 min at 4 1C. Isopropyl alcohol was added to the supernatants, which were centrifuged at 12 000 g for 10 min at 4 1C. We used chilled 75% ethanol to rinse the RNA pellet and then centrifuged it at 7500 g for 5 min at 4 1C. The RNA was resuspended in DEPC-H 2 O and quantified by spectrophotometry (A 260/280 ). All RNA samples were reverse-transcribed into cDNA at the same time using the ImProm-II Reverse Transcription System (Promega, Madison, WI, USA) as well as oligo(dT) 20 and random hexamer primers at 70 1C for 5 min. The master mix contained the following (per sample): ImProm-II 1 Â reaction buffer, 3 mM MgCl 2 , 0.5 mM dNTP and ImProm-II reverse transcriptase. cDNA extension was performed at 50 1C for 60 min according to the manufacturer's instructions. Finally, the cDNA was stored at À20 1C.
Real-time quantitative PCR
Primers for genes of interest (listed in Table 1 ) were designed using Primer Express software v2.0 (Applied Biosystems, Foster City, CA, USA) on the basis of sequence information from the National Center for Biotechnology Information database. Real-time quantitative PCR was performed in triplicate using an ABI PRISM 7700 Real-time PCR System (Applied Biosystems) with iTaq SYBR Green Supermix using ROX (Bio-Rad, Hercules, CA, USA) according to the manufacturer's instructions and protocols. The universal cycling conditions (95 1C for 10 min, 40 cycles of 95 1C for 15 s and 60 1C for 1 min) were applied to all the samples. b-Actin was Table 1 Sequences of primers for the real-time PCR
Gene
Primer sequence
Abbreviations: Bmal1, brain and muscle Arnt like protein-1; CK1E, casein kinase 1 epsilon; Clock, circadian locomotor output cycles kaput; Cry, cryptochrome; Dbp, albumin-D-site-binding protein; E4BP4, the basic leucine zipper transcription factor; NHE, Na + /H + exchanger; PDK4, pyruvate dehydrogenase kinase-4; PEPCK, phosphoenolpyruvate carboxykinase; Per, period; PGC1, peroxisome proliferator-activated receptor-g coactivator-1.
Diet-induced obesity on circadian-clock systems M-C Hsieh et al used as a reference; that is, each sample was normalized on the basis of its b-actin content. Relative changes in all target gene expressions were determined by analyzing the multiples of change.
Statistical analysis
Values are presented as the mean ± s.e.m. Differences in body weight, glucose, cholesterol and insulin levels were evaluated by Student's t-tests and differences in relative gene expressions were evaluated by two-way analysis of variance 21 followed by the Newman-Keuls multiple comparison test for post hoc analysis. A P-value o0.05 was considered significant. All statistical analysis was performed using Graphpad PRISM 4 (GraphPad Software, San Diego, CA, USA). (Figure 1a ). By using the lowest level of Per1 mRNA at ZT3 as the basal level, the levels at ZT9, ZT15 and ZT21 were found to be increased by around 7-, 3.5-, and 1.5-fold, respectively ( Figure 1a) . The lowest level of Per2 mRNA was at ZT3 and the highest was at ZT15 (Figure 1b) . The relative levels of Per1 mRNA at ZT3, ZT9, ZT 15 and ZT21 were 1, 3, 4.5 and 1, respectively (Figure 1b ). Additionally, the lowest level of Bmal1 mRNA was at ZT9 and the highest was at ZT3 (Figure 1c) . Using the lowest level of Bmal1 mRNA at ZT9 as the basal level, the relative levels of Bmal1 mRNA at ZT3, ZT9, ZT15 and ZT21 were found to be 8, 1, 1.5 and 5.5, respectively (Figure 1c) . Therefore, we decided to kill chronic high-fat diet-treated mice only at ZT3 and ZT9 to measure the expression levels circadian-clock and circadian-clockcontrolled gene in the following study.
Results
Daily profiles of circadian-clock gene expressions in the liver
Chronic effects of a high-fat diet on body weight, blood glucose and plasma triglycerides and cholesterol A chronic (11-month) high-fat diet in male mice dietinduced obesity (DIO) induced severe obesity and changes in metabolic parameters (Figure 2 ). The body weight of DIO mice increased by 66% as compared with that of the controls (Figure 2a , Po0.001). Although the levels of blood glucose significantly increased by 30% (Figure 2b , Po0.001), DIO mice did not have any urine glucose, which reached the diabetic criterion (data not shown). There was no difference in the serum levels of insulin at ZT3 and ZT9 in either DIO or control mice, so we pooled the data at ZT3 and ZT9 and presented it in Figure 2c . The levels of serum insulin in DIO mice increased 5.5-fold as compared with the controls (Figure 2c , Po0.01). The levels of plasma triglycerides did not change in DIO mice (Figure 2d , P40.05); however, the levels of plasma cholesterol were significantly elevated by 80% by the chronic high-fat diet (Figure 2f, Po0.001) . Thus, these DIO mice revealed metabolic syndrome-like events following chronic high-fat diet treatment. Diet-induced obesity on circadian-clock systems M-C Hsieh et al still showed no change at either ZT3 or ZT9 in DIO groups as compared with those in the control group (Figures 4e and 5b , P40.05).
Expression of circadian-clock and circadian clock-controlled genes in kidneys
Changes in the expression of most circadian-clock and circadian clock-controlled genes between ZT3 and ZT9 in the kidneys of the control group (Figures 6 and 7) were similar to those in the livers (Figures 3-5) . Lower levels at ZT3 and higher ones at ZT9 were found for Per1-3 ( (Figure 7e , Po0.01) mRNA expressions in kidneys showed lower levels at ZT3 and higher ones at ZT9 in DIO mice. Additionally, higher levels at ZT3 and lower ones at ZT9 in kidneys of DIO mice were found only for 
Discussion
Recently, several studies with either humans or animals demonstrated that circadian-clock genes are closely related to obesity, metabolic syndrome and diabetes. 20, 21, 26, [31] [32] [33] Circadian-clock genes are associated with the pathophysiology Diet-induced obesity on circadian-clock systems M-C Hsieh et al of metabolic syndrome due to impairment of adipogenesis by a deficiency in Bmal1. 34 Deletion of Bmal1 also induces arrhythmicity, early onset of age-related pathologies, including myopathy and arthropathy, and altered hepatic carbohydrate metabolism; 20, 35, 36 Clock-mutant mice are hyperphagic and obese, and similarly develop metabolic syndrome. 21 Therefore, Clock, Bmal1 and other circadianclock genes are involved in maintaining the homeostasis of metabolic processes and physiological functions. Moreover, expression of circadian-clock genes and circadian clockcontrolled genes are influenced by body mass and nutrient conditions used in animal and human studies. For example, circadian-clock gene expressions were attenuated in obese KK and diabetic KK-A y mice. 31 The expression levels of circadian-clock genes, such as Per2, Bmal1 and Cry1, in adipose tissues were related to human metabolic syndrome, and close associations were also reported between the Clock polymorphisms and obesity, and metabolic syndrome. 32, 33 Although increasing numbers of studies found that circadian-clock and circadian clock-controlled genes are involved in regulating energy metabolism in peripheral organs, including liver, adipose tissues and skeletal muscles, the cause and effect of circadian-clock genes in obesity and metabolic syndrome are still unclear.
Using the circadian-clock-gene-mutant and -knockout mice, previous studies only provided evidence that regular and rhythmic expressions of circadian-clock genes are important in maintaining energy homeostasis. 20, 21, 26 Even using spontaneously obese animals as a model still cannot rule out whether abnormal expressions of circadian-clock genes are the fundamental root. The study of chronic highfat diet-induced obesity in animals is much closer to the reallife situation in human society; however, previous different studies had differing findings and conclusions. Yanagihara et al. 23 reported that expression levels of circadian-clock genes were minimally influenced by 8 weeks of high-fat diet feeding in female C57BL/6 mice. In contrast, Kohsaka and Bass and their co-workers 26 found that the expression levels of circadian-clock and circadian clock-controlled genes showed dramatic changes after 6 weeks of high-fat diet feeding in male C57BL/6 mice. That study 26 was continued and reinforced their previous report on Clock-mutant mice. 21 A possible explanation for the different results of Yanagihara et al. 23 and Kohsaka et al. 26 is the gender difference, because we also found that female mice need more time to become obese from high-fat diet treatment. 26, 37 The present study showed that a high-fat diet altered the expression levels of circadian-clock genes and circadian clock-controlled genes, Diet-induced obesity on circadian-clock systems M-C Hsieh et al and high-fat diet induced greater food consumption and higher locomotor activity during the lights-on period in obese mice as compared with the controls (data not shown); these data were similar to those of a previous study. 26 Although the data in our present study were had closer resemblance to those in Kohsaka et al.'s study, 26 some interesting findings in this study differed from theirs. First, we found that the expression levels of Per1-3 in the liver were greatly elevated at ZT9 (Figures 3a-c) , but no change was found in Kohsaka et al.'s study. 26 On the other hand, Kohsaka et al. 26 found that the expression levels of Bmal1
and Clock in the liver were attenuated, but the expression level of Bmal1 in the liver was also greatly elevated at ZT3
and ZT9 (Figure 4c ), whereas Clock expression showed no change (Figure 4e ) in the present study. In fact, Zvonic et al. 22 also found that Clock expression did not follow a consistent circadian pattern in the livers of intact mice. Third, we provide more data on changes in the expressions of circadian-clock and circadian clock-controlled gene in the livers and kidneys by chronic high-fat diet feeding in this study. One of the possibilities between the present study and that of Kohsaka et al. 26 is the duration of high-fat diet feeding, because the expression levels of circadian-clock genes in the liver did not change following high-fat diet treatment for 4 weeks in our pilot study (data not shown). This implies that alterations in the expressions levels of Diet-induced obesity on circadian-clock systems M-C Hsieh et al circadian-clock and circadian clock-controlled genes in the liver due to high-fat diet treatment are time-related. A lower duration of high-fat diet consumption produced smaller levels of circadian-clock gene expressions in a previous study, 26 whereas longer duration produced higher levels in the present study. Therefore, chronic consumption of a highfat diet causes more dramatic and extensive changes in the expressions of circadian-clock gene as compared with shortterm consumption in the previous study. 26 Actually the condition of chronic high-fat diet consumption is more similar to the real world in both developing and developed countries. Another possible factor is the aging effect due to the experimental groups in this study being 1-year old, which is defined as middle age. Several studies showed that circadian rhythms change with normal aging, including a shift in phase and decreases in amplitude [38] [39] [40] and circadianclock gene expression levels. [41] [42] [43] [44] Interestingly, this phaseshifting effect of aging in circadian-clock gene and circadian clock-controlled gene expressions in cardiomyocytes and kidneys was similar to the effect reported in type-2 diabetics. 40, 45, 46 Therefore, we assume that aging is able to exacerbate changes in the expressions of circadian-clock gene by long-term high-fat diet consumption and further worsen the abnormalities, which lead to development of Diet-induced obesity on circadian-clock systems M-C Hsieh et al various syndromes and diseases, including metabolic syndrome and type-2 diabetes. The detailed mechanisms underlying these observations regarding the effects of aging require extensive further investigation and are beyond the scope of the present study.
Our present results confirmed several observations that chronic high nutrients, which are commonly associated with obesity, diabetes and metabolic syndrome, affect the expressions of circadian-clock genes and circadian clock-controlled genes in the livers and kidneys. However, these gene expressions influenced by the high-fat diet showed subtle differences. It is possible that different local physiological and biochemical factors within different tissues may have different levels or conditions, which are involved in regulating circadian-clock genes and circadian clock-controlled genes. Rutter et al. 27, 28 suggested that the cellular redox state can potentially act as a nutrient sensor and links cell metabolism with the transcriptional activity of circadianclock genes, such as Clock and its homolog. The liver is responsible for the key elements of intermediary metabolism, such as regulating the metabolism of carbohydrates, lipids and proteins. 47 The mice in this study with high-fat, diet-induced obesity had higher food consumption during the lights-on period (data not shown), and the expressions of a gluconeogenesis-related gene (PEPCK) and a lipolysis (PDK4) gene were raised during that period ( Figure 5 ). These increases in PEPCK and PDK4 gene expressions with higher levels of blood glucose and serum insulin (Figure 2 ) exacerbated the processes of insulin resistance and diabetes. Although we did not use a glucose-tolerance or euglycemic insulin-clamp test to verify whether mice with chronic (11-month) high-fat diet-induced obesity were insulinresistant or glucose-intolerant, the higher levels of blood glucose and serum insulin exhibited in these mice (Figures 2b and c) should indicate insulin resistance or glucose intolerance according to the previous literature in which male C57BL/6 mice were fed a high-fat diet for only 4 or 8 weeks. 48, 49 Interestingly, these increases in the liver may have been due to elevation of Bmal1 and Crys expression, and elevation of CK1e expression did not abrogate or attenuate this augmentation. Further study is needed to confirm this contention. The kidneys mainly play an important role in maintaining body fluid and water homeostasis, as well as glucose production. [50] [51] [52] [53] Obesity may potentiate the development and progression of secondary focal segmental glomerulosclerosis. 54, 55 Recently, circadian-clock genes were shown to act on E-box elements present in the promoter region of the NHE3 and to play a direct role in regulating NHE3 gene expression in the kidneys. 56, 57 Levels of NHE3 gene expression were lower at ZT4 and higher at ZT8BZT12, a pattern similar to that of Per2, and this was also confirmed in this study. Since NHE3 plays an important role in the basic homeostasis of an organism through regulating Na þ , water and pH balance, fine-control of NHE3 activity by an internal clock or circadian-clock genes should allow an organism to adapt to both acute and chronic changes in the environment. 56 The internal clock system is thought to provide selective advantage for organisms to 'predict' or 'anticipate' regular environmental changes, and allows organs to prepare for eventual optimization of the appropriate response in advance. 58 Therefore, the present study found that gene expressions of Per2, Per3, Cry2 and NHE3 were highly elevated at both ZT3 and ZT9. This implies that NHE3 gene expression was also elevated and strongly regulated water homeostasis in chronically high-fat diettreated mice. The limitation of this study is the few time points used to investigate detailed changes in circadian-clock gene and circadian clock-controlled gene expressions at every 3 or 4 h as in previous studies. 23, 26 The reasons for only choosing two time points were the high costs for chronic (11-month) highfat diet treatment, and because the greatest differences in the expression levels of most circadian-clock genes and circadian clock-controlled genes during the entire day were shown at ZT3 and ZT9 ( Figure 1 ). Using ZT3 and ZT9 as killing times was able to minimize animal use, but still generated sufficient data to examine changes in the expressions of these genes. This might have influenced the strength of our data, but still does not obscure the novelty of our findings.
In conclusion, this study confirmed previous investigations by demonstrating that expression levels of circadianclock and circadian clock-controlled genes are influenced by obesity and metabolic syndrome after chronic high-fat diet treatment. Chronic high-fat diet treatment augmented the expression levels of most circadian-clock genes and circadian clock-controlled genes in the livers and kidneys, but only disrupted the patterns of some of them.
